
REGULAR ARTICLE

Picture change error correction in the radial distributions
of canonical orbital densities and total electron density of radon
atom: the effect of the size of nucleus and the basis set limit
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Abstract The 2nd order Douglas-Kroll-Hess (DKH2)

and the Infinite Order Two Component (IOTC) radial

distributions of electron density of canonical Hartree-Fock

(HF) orbitals of radon atom are presented. Furthermore, the

total electron density is revisited. The picture change error

(PCE) correction is investigated by analytical means. The

point charge model of nucleus and the Gaussian nucleus

model are employed. The basis set is extrapolated by

means of including tight s and also p Gaussians within the

original triple zeta basis set. It is found that the DKH1 PCE

corrected DKH2 total electron and s orbital contact den-

sities are negative for the point charge model of nucleus if

tight enough s Gaussians are included in the basis set. It is

shown that this failure is caused due to the missing terms of

the second order Douglas-Kroll transformation for the

DKH2 electron density. PCE is found the most striking in

the DKH2/IOTC electron density of s orbitals close to the

nucleus. The radial distributions of the 2-component p1/2

orbital densities are considerably affected by PCE at the

nucleus as well. Furthermore, the PCE corrected DKH2/

IOTC scalar p orbital densities have a non-zero value of

electron density at nucleus and can be considered as an

spin-orbit (SO) average of the p1/2 and p3/2 orbitals. The

d and f orbitals are affected by PCE in the vicinity of the

nucleus only little. The PCE corrected DKH2 and IOTC

radial distributions of orbital densities are nodeless, which

is completely in agreement with the radial distribution of

the analytic or numeric DCH orbital densities.

Keywords Picture change error � Picture change � Orbital

density � Negative density � PCE correction � PCE

1 Introduction

The relativistic quantum chemistry has made a large pro-

gress in the last two decades [1–5]. The calculations at the

Dirac-Coulomb Hamiltonian (DCH) level of theory

became available [6–12]; in addition, the quasirelativistic

approaches have moved from the lower order quasirela-

tivistic Hamiltonians (DKH2, ZORA) [13–19] to the exact

(or high order) diagonalization of the Dirac Hamiltonian

and/or elimination of the small component [3, 20–32]. The

X2C/IOTC approaches promise a quite straightforward

implementation into the non-relativistic quantum chemistry

packages and still have a favorable scaling in comparison

with DCH calculations. Nevertheless, it is suggested that

the Quasi 4-component (Q4C) DCH is of same demands as

the 2-component quasirelativistic calculations, what has

been denoted as ‘‘4-component and 2-component equally

good’’ [31, 32].

Besides the improving scaling at the DCH level of

theory, a further disadvantage of the quasirelativistic

Hamiltonians is the picture change of the wavefunction,

which gives rise to the picture change error (PCE) for

property evaluation (expectation values, linear response

property evaluation, etc.) [33–39]. While the PCE is by no

means a problem for the obtained SCF energy [19], it

might be an issue (and in most cases is an issue) in cal-

culations of properties [33, 34, 36, 40, 41]. Especially,

large PCE is to be found in electron density at nucleus
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(contact density) [35, 38, 39, 42, 43]. This is why proper-

ties which are closely related to the electron density in the

vicinity of nucleus are sensitive to PCE [36, 40, 41].

To be mentioned is the work of Mastalerz et al. [35]

who have presented the values of contact density of halo-

gen atoms in the HX molecules (where X = F, Cl, Br, I, At)

at different orders of DKH Hamiltonian and/or PCE cor-

rection using the Fermi nucleus model. Furthermore, in the

work of Mastalerz et al. [35] has been presented the radial

distribution of the hydrogen like Au78? ion in the ground

state (1s electron). Seino et al. [38] have considered the

PCE correction of IOTC and DKH2 contact densities of

several closed shell atoms. The contact density is the

subject of the studies of Mastalerz et al. [42] and Knecht

et al. [43] where the finite nucleus model is employed and

the effects of electron correlation as well as basis set

quality at nucleus is considered. In our previous study, we

have considered the analytic correction and the extent of

the PCE in the radial distributions of the total SCF electron

density of radon atom at the DKH2 and IOTC levels of

theory using the point charge model of nucleus [39]; nev-

ertheless, the singularity issue of the relativistic contact

density for the point charge nucleus model has not been

studied in detail.

In the current study, the effect of the size of nucleus

together with the basis set extrapolation in the radial dis-

tribution of electron density of radon atom is the goal. In

addition, we are presenting the PCE and the relativistic

effects in the radial distributions of canonical Hartree-Fock

(HF) orbital densities of radon atom. Besides the s and

p orbitals which are the most interesting in regard to PCE

and relativistic effects, PCE and relativistic effects in the

d and f orbitals are briefly discussed as well, i.e. chosen

1-component (1c) s, p, d, f orbital densities at NR, DKH2,

IOTC level of Hamiltonian and 2-/4-component (2c/4c)

s1/2, p1/2, p3/2, d3/2, d5/2, f5/2, f7/2 DKH2, IOTC, DCH

orbital densities are presented. The nodal behavior (PCE

and relativistic effects) of the radial distributions of

obtained orbital densities is presented as well.

2 Methods and computational details

The employed DKH2 Hamiltonian follows the original

works of Hess and coworkers [15, 17–19, 25, 26]. The

calculations at the IOTC level of theory were based on the

approach of Barysz and Sadlej [21, 22, 24], the IOTC

Y matrix was obtained by iterative means [22]. The picture

change error correction of electron density has been

described in our previous paper [39]. Furthermore, general

PCE correction at the DKH and IOTC level has been in

detail considered by Wolf and Reiher [33, 34] and Seino

et al. [38], respectively.

The presented DKH2 and IOTC calculations and the PCE

correction of electron density have been performed using a

development version of the Tonto package [44]. Calcula-

tions at the DCH level of theory have been performed in the

Grasp package [6] (numerical solution) and in the DIRAC10

package [45] (finite basis set approach). Furthermore, the

DIRAC10 [45] package has been used to verify the NR, PCE

contaminated as well as PCE corrected IOTC total electron

and orbital densities and PCE contaminated DKH2 densities

obtained in the Tonto package [44], as well as the imple-

mentation of the Gaussian nucleus model within a devel-

opment version of the Tonto package [44].

The Gaussian model of nucleus [46] has been used to

include the finite size nucleus effects. Besides, the unifor-

mally charged sphere and the Fermi nucleus model [6, 46]

have been employed as well, for comparison purposes

[6]. The uncontracted triple zeta (UTZ) basis set

(30s26p17d11f) has been predominantly used for the radon

atom [47, 48]. Besides, a few benchmark calculations have

been made using the uncontracted double zeta and qua-

druple zeta basis sets [47, 48], denoted as UDZ and UQZ,

respectively. The UTZ basis set has been further expanded

by up to 10 s and 5 p tight Gaussian functions (denoted as

UTZ?NsMp, where N and M is the number of additional

s and p tight Gaussians), to explore the basis set limits and

basis set artifact of the total electron and orbital densities at

and close to the point charge nucleus. The tight Gaussian

functions were obtained by assuming an even tempered

series for the tightest two Gaussians of the s and p blocks of

the original UTZ basis set.

The radial distributions of the particular (p, d, f) orbital

densities, which were calculated in the finite basis set

approach, have been obtained by means of numerical

averaging along the x-axis. In the case of the scalar

(1-component) calculations the radial distributions of the

orbital density along the x-axis of each degenerate 2l ? 1

orbital with the particular quantum numbers n, l have been

summed up and divided by 2l ? 1. In the case of the

2-component (general complex) calculations the radial

distributions of the 2j ? 1 degenerate orbitals with the

particular quantum numbers n, j have been summed up and

divided by 2j ? 1. The numerical integration of such

averaged atomic orbital densities yields unambiguously an

occupation number equal to 1, without any further scaling.

The obtained radial distributions at different levels of

theory are labeled following the notation of Wolf and

Reiher [33, 34], which was also employed in our previous

paper on the total electron density of radon atom [39]:

• q(DCH) DCH electron density

• q(NR) NR electron density

• q(IOTC,IOTC) IOTC electron density which is cor-

rected for PCE
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• q(IOTC,NR) IOTC electron density which is not PCE

corrected (i.e. PCE contaminated electron density)

• q(DKH2,DKH2) DKH2 electron density which is

corrected for PCE up to the DKH2 order

• q(DKH2,DKH1) DKH2 electron density which is

corrected for PCE up to the DKH1 order

• q(DKH2,DKH0) DKH2 electron density which is

corrected for PCE up to the DKH0 order (only free

particle Foldy-Wouthuysen transformation)

• q(DKH2,NR) DKH2 electron density which is not PCE

corrected (i.e. PCE contaminated electron density)

3 Results and discussions

3.1 Total electron density

3.1.1 Point charge nucleus

In Table 1 are presented the values of the contact densities

of radon atom for the series of calculations using the

UTZ?NsMp basis sets. The DCH, (IOTC,IOTC), (IOTC,

NR), (DKH2,DKH2), (DKH2,DKH0) and (DKH2,NR)

contact densities grow with the number of the tight

Gaussians added to the original UTZ basis set, which is

completely in agreement with the singular behavior of the

relativistic contact density in the case of the point charge

nucleus [3, 42]. On the other hand, the value of the

(DKH2,DKH1) contact density is descending with the

number of the tight s Gaussians added to the UTZ basis set

and finally for basis sets which are larger than UTZ?4s the

(DKH2,DKH1) contact density becomes negative. This

feature has not been realized in our last study using the UTZ

basis set [39]. What has been only found was a global

maximum in the q(DKH2,DKH1) density, which is not

localized at the nucleus [39]. The global maximum is found

shifted also in the radial distributions of the q(DKH2,DKH1)

densities calculated in the extended UTZ?Ns basis sets. An

inspection of the contributions of the XE,0, XE,1 and XE,2

terms [33, 39] (see Table 2) within the PCE corrected

electron densities at the DKH2 level of theory shows that

two of the eight XE,1 terms which contain Ap d(r) Ap and the

P2 factor explicitly are large and negative in value and cause

that the q(DKH2,DKH1) electron density in the vicinity of

the point charge nucleus is negative if tight enough s Gaus-

sians are included in the basis set. On the other hand, the

{W2,Ap d(r) Ap} contributions [33, 39] of the XE,2 term have

a positive value, which is large enough in magnitude to

damp the effect of the negative XE,1 terms within the

q(DKH2,DKH2) density. Nevertheless, the final q(DKH2,

DKH2) contact densities are overestimated in comparison

with q(DCH) (see Table 1 and Fig. 1a) [38, 39]. In addition,

this deviation is enlarged with the extension of the UTZ?Ns

basis set; in the case of the UTZ?10s basis set, the relative

error between q(DKH2,DKH2) and q(DCH) is already

107%. The overestimated value of the q(DKH2,DKH0)

contact density (in regard of q(DCH)) is predominantly

affected by the contribution of the Ap d(r) Ap term within the

XE,0 term of PCE correction, see Table 2.

Nevertheless, the conclusions about the extent of the PCE

remain the same as described previously for the UTZ basis

set [39], i.e. the PCE leads to an overestimated electron

density close to the nucleus at both the DKH2 as well as

IOTC level of theory, see Table 1 and Fig. 1a. The q(IOTC,

IOTC) contact density copies the most the finite basis set

value of q(DCH) contact density for the series of UTZ?Ns

calculations, see Table 1. The relative error between the

q(IOTC,IOTC) and q(DCH) becomes smaller with the

extension of the basis set. Furthermore, the q(DCH) and

q(IOTC,IOTC) electron density distributions using the finite

basis set approach and the UTZ?10s basis set are laying on

top of each other, see Fig. 1a. The 2-component calculations

improve slightly the agreement between the q(IOTC,IOTC)

and q(DCH) densities at nucleus; see the results of the

UTZ?10s calculations shown in Table 1.

For the UTZ?10s basis set, the basis set artifact becomes

significant within the distance of 0.8 9 10-7Å from the point

charge nucleus, see Fig. 1a. In addition, the tests using the

UDZ (24s20p14d9f) and UQZ (34s31p21d14f1g) basis sets

have yielded quantitatively similar results of the q(IOTC,

IOTC) contact density (4.709808 9 106, 4.744633 9 106,

respectively) as for the UTZ basis set (4.743935 9 106);

thus, the basis set artifact can be most effectively treated only

by adding tight enough s functions within the basis set, see

Fig. 1d and Table 1. The extra p functions have an effect on

the PCE corrected value of the DKH2 and IOTC contact

densities only at the 2c level of theory, see Table 1.

It is noteworthy that the NR calculations using the basis

sets with tight s Gaussians are numerically unstable and the

calculations did not reach a proper convergence by means

of DIIS (Direct Inversion in the Iterative Subspace) whe-

ther using the DIRAC10 or Tonto package. Although the

NR contact densities do not show any unexpected behavior

with the expansion of the UTZ?Ns basis set (see Table 1),

they should be taken with care. The same holds for the NR

calculations (contact densities) that use the finite (Gauss-

ian) nucleus model, in Table 3.

3.1.2 Finite size nucleus

In the case of the Gaussian model of nucleus, it can be seen

from Table 3 that with the growing number of tight

s functions added to the UTZ basis set the contact densities

have an oscillatory behavior.

Nevertheless, the PCE has qualitatively the same impact

on the contact density and on the electron density close to
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the nucleus as in the case of the point charge nucleus model

(see Table 3 and Fig. 1b, c). This means that the PCE

corrected 2c-IOTC electron density yields the best agree-

ment with the DCH density. The q(DKH2,DKH2) contact

density is overestimated in comparison with the q(IOTC,

IOTC) density and is in a better agreement with q(IOTC,

IOTC) than the q(DKH2,DKH1) and the q(DKH2,

DKH0) densities. The q(DKH2,DKH1) contact density is

not negative, the contributions of the negative XE,1 terms

are smaller than in the case of the point charge nucleus

model, see Table 2. In addition, the q(DKH2,DKH1)

electron density has the maximum localized at the nucleus

in the case of the Gaussian nucleus model. It still holds that

the q(DKH2,DKH1) underestimates the contact density in

comparison with q(IOTC,IOTC), and the q(DKH2,DKH0)

contact density is overestimated and lays approx. in the

half between the q(IOTC,IOTC) and q(IOTC,NR) contact

densities. The contact density is more sensitive to SO

effects in the case of the finite nucleus model comparing to

the point charge model nucleus. Furthermore, the

q(DKH2,DKH2) as well as the q(DKH2,DKH1) densities

are in a better agreement with the DCH density than it is

the case for the point charge nucleus model. The PCE error

is very large also for the Gaussian charge distribution

model of nucleus and overestimates the electron density at

the nucleus by almost a factor of three. It holds that PCE is

for the UTZ?10s basis set larger at the IOTC level than at

the DKH2 level of theory, see Table 3.

The DCH contact densities of different finite nucleus

models are presented in Table 3 and in Fig. 1c. The

Gaussian charge distribution model of nucleus leads to a

larger contact density in comparison with the Fermi or

uniformally charged sphere model of nucleus, see Table 3

[46]. The deviation between the contact densities obtained

for the Gaussian and Fermi nucleus models is 2.6%, rela-

tive to the Fermi model.

It is noteworthy that the additional p function of the

UTZ?10s1p basis set yields in the case of the Gaussian

charge distribution model of nucleus the same DCH value

of contact density as is the numeric value of contact density

(d)

(c)

(b)

(a)

Fig. 1 Radial distributions of total electron densities of radon atom,

if not otherwise stated the UTZ?10s basis set has been employed.

a Point charge nucleus. b Gaussian charge distribution model of

nucleus. c Comparison of finite nucleus models. d The basis set

artifact q(IOTC, IOTC), UTZ?NsMp basis set series, point charge

nucleus
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obtained in the Grasp package. On the other hand the

UTZ?10s5p DCH contact density, which equals

3.862439 9 106 (not shown in Table 3), is more deviated

from the numeric value of DCH contact density than the

UTZ?10s1p contact density, see Table 3. The 1-compo-

nent q(IOTC,IOTC) contact densities calculated in

the UDZ and UQZ basis sets (3.739294 9 10?06 and

3.744353 9 10?07, respectively) are close to the particular

UTZ contact density (3.744273 9 10?06). It is still worth

to include at least three tight s Gaussians to yield a more

robust value of relativistic contact density of radon atom in

the case of the Gaussian model of nucleus, see Table 3. On

the other hand, the NR calculation of contact density is

very little sensitive to inclusion of tight Gaussians into the

UTZ basis set; nevertheless, this value is not reliable in the

sense of the importance of relativistic effects.

3.2 s Orbitals

The radial distributions of the canonical HF s orbital den-

sities of the radon atom (UTZ?10s basis set) are presented

in Fig. 2 (the 2s orbital has been chosen as a representa-

tive). Figure 2a is presenting the radial distribution of the

2s orbital density in the vicinity of the point charge

nucleus. Figure 2b presents the radial distribution of the

2s orbital density in the vicinity of the Gaussian charge

distribution model of nucleus. Figure 2c presents the radial

distributions of the 2s orbital density in the region of the

second maximum and the node of the NR 2s orbital den-

sity. The contact densities of all the s orbitals of Rn

(UTZ?Ns basis sets) are shown in Tables 4 and 5.

Although in Fig. 2 are presented only the radial distribu-

tions of the 2s orbital densities, the relativistic effects and

PCE in the remaining s orbitals are qualitatively the same

(not shown).

In general and/or independent of the nucleus model

(finite size nucleus or point charge), the s orbitals have the

largest contribution to PCE and to the (scalar/spinfree)

relativistic effects in the total electron density of the radon

atom (see Tables 1 and 3) [39]. Thus, the conclusions

about the relativistic effects and PCE in the total electron

density are quantitatively and qualitatively valid also for

the s orbitals. This means that, the PCE contaminated

DKH2/IOTC radial distributions of 2s orbital densities

[q2s(IOTC,NR) and q2s(DKH2,NR), see Fig. 2a, b], are

obviously overestimated at the nucleus (what causes the

same features in the appropriate PCE contaminated total

electron densities) [39]. Besides, the PCE contaminated

s orbitals are not nodeless (see Fig. 2c), which is the sec-

ond important feature of PCE for all orbitals in general.

Although the limiting behavior of the contact density of

the relativistic s orbitals is determined by the choice of the

nucleus, the agreement between the radial distributions of

the PCE corrected q2s(IOTC,IOTC) and q2s(DCH) orbital

densities at the finite basis set level of theory is very good

for both the point charge and Gaussian charge distribution

model of nucleus (besides the issue of the basis set artifact

(c)

(b)

(a)

Fig. 2 Radial distributions of 2s orbital densities of radon atom

(UTZ?10s basis set). a Point charge model of nucleus. b Gaussian

charge distribution model of nucleus. c Local maximum and nodal

region
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for the point charge nucleus). The q2s(DKH2,DKH1)

orbital density yields a negative electron density (as is the

case for the total electron density) for the point charge

nucleus model if tight enough gaussians are included in the

basis set, see the UTZ?10s values of contact densities of

all the s(DKH2,DKH1) orbitals in Table 4. The q2s(DKH2,

DKH2) orbital density is also considerably shifted from the

nucleus for the point charge model of nucleus and is quite

close to the q2s(DKH2,DKH0) orbital density, see Fig. 2a

and the values of the DKH2 s orbital contact densities in

Table 4. On the other hand, the q2s(DKH2,DKH1) orbital

density in the presence of the Gaussian charge distribution

model is not negative (same holds for the particular

electron density) and the behavior of the q2s(DKH2,DKH2)

orbital density is improved comparing to the q2s(DCH) in

the case of the Gaussian charge distribution model, see

Fig. 2b. In addition, the PCE corrected DKH2/IOTC q2s

(independent of nucleus model) are nodeless and do agree

with the DCH 2s orbital density (even for the lower order

PCE corrected DKH2 orbital densities), see Fig. 2c.

The 1-component/scalar (1c) and 2-component (2c)

quasirelativistic radial distributions of 2s orbital densities

are very similar [1c quasirelativistic orbital densities are

not shown in Fig. 2a–c, but see the values of the contact

density in Tables 4 and 5], i.e. the SO effects do not cause

a significant redistribution of the s orbital electron density.

Table 4 Contact s orbital density (finite basis set approach) for the point charge model of nucleus, using the UTZ?10s basis set (density is in

a.u., i.e., bohr-3)

Approach 1s 2s 3s 4s 5s 6s

DCH 3.700562E?07 5.948800E?06 1.393323E?06 3.633850E?05 8.027550E?04 1.201789E?04

2c-(IOTC, IOTC) 3.689500E?07 5.930536E?06 1.389632E?06 3.625151E?05 8.009117E?04 1.198960E?04

1c-(IOTC, IOTC) 3.690477E?07 5.934874E?06 1.390494E?06 3.624814E?05 7.994347E?04 1.191615E?04

2c-(DKH2,DKH2) 7.653766E?07 1.225261E?07 2.870134E?06 7.486637E?05 1.653412E?05 2.471481E?04

1c-(DKH2,DKH2) 7.655682E?07 1.226100E?07 2.871812E?06 7.485787E?05 1.650311E?05 2.455879E?04

2c-(DKH2,DKH1) -2.385617E?07 -3.734511E?06 -8.716961E?05 -2.271816E?05 -5.016329E?04 -7.498139E?03

1c-(DKH2,DKH1) -2.386201E?07 -3.737037E?06 -8.721958E?05 -2.271541E?05 -5.007052E?04 -7.451214E?03

2c-(DKH2,DKH0) 9.208503E?07 1.483561E?07 3.478607E?06 9.075987E?05 2.004540E?05 2.996373E?04

1c-(DKH2,DKH0) 9.210823E?07 1.484581E?07 3.480653E?06 9.074985E?05 2.000782E?05 2.977453E?04

2c-(IOTC,NR) 2.934364E?08 4.662154E?07 1.090470E?07 2.843483E?06 6.281586E?05 9.403412E?04

1c-(IOTC,NR) 2.935528E?08 4.666113E?07 1.091271E?07 2.843544E?06 6.270719E?05 9.346883E?04

2c-(DKH2,NR) 1.791079E?08 2.892940E?07 6.785820E?06 1.770640E?06 3.910760E?05 5.845802E?04

1c-(DKH2,NR) 1.791531E?08 2.894934E?07 6.789820E?06 1.770447E?06 3.903433E?05 5.808896E?04

NR 1.998306E?05 2.234202E?04 5.114915E?03 1.324003E?03 2.863373E?02 3.882039E?01

Table 5 Contact s orbital density (finite basis set approach) for the Gaussian charge distribution model of nucleus, using the UTZ?10s basis set

(density is in a.u., i.e., bohr-3)

Approach 1s 2s 3s 4s 5s 6s

DCH 1.570936E?06 2.516291E?05 5.891179E?04 1.536284E?04 3.393197E?03 5.076623E?02

2c-(IOTC, IOTC) 1.566270E?06 2.508654E?05 5.875773E?04 1.532665E?04 3.385650E?03 5.065176E?02

1c-(IOTC, IOTC) 1.566695E?06 2.510484E?05 5.879408E?04 1.532523E?04 3.379406E?03 5.034075E?02

2c-(DKH2,DKH2) 1.814018E?06 2.878090E?05 6.733522E?04 1.755883E?04 3.877100E?03 5.792531E?02

1c-(DKH2,DKH2) 1.814467E?06 2.880048E?05 6.737429E?04 1.755682E?04 3.869873E?03 5.756042E?02

2c-(DKH2,DKH1) 1.004460E?06 1.668862E?05 3.931438E?04 1.026910E?04 2.268455E?03 3.389462E?02

1c-(DKH2,DKH1) 1.004720E?06 1.670036E?05 3.933820E?04 1.026819E?04 2.264286E?03 3.368201E?02

2c-(DKH2,DKH0) 2.732133E?06 4.325349E?05 1.011542E?05 2.637505E?04 5.823625E?03 8.700666E?02

1c-(DKH2,DKH0) 2.732808E?06 4.328286E?05 1.012127E?05 2.637198E?04 5.812759E?03 8.645845E?02

2c-(IOTC,NR) 4.836528E?06 7.721303E?05 1.807392E?05 4.713775E?04 1.041230E?04 1.557742E?03

1c-(IOTC,NR) 4.837814E?06 7.726912E?05 1.808505E?05 4.713325E?04 1.039306E?04 1.548173E?03

2c-(DKH2,NR) 4.642001E?06 7.456000E?05 1.747401E?05 4.558542E?04 1.006661E?04 1.504023E?03

1c-(DKH2,NR) 4.643163E?06 7.461116E?05 1.748426E?05 4.558048E?04 1.004791E?04 1.494558E?03

NR 1.963752E?05 2.195750E?04 5.027011E?03 1.301261E?03 2.814232E?02 3.815572E?01
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Hence, the difference in the values of the PCE corrected

1-component and 2-component DKH2/IOTC total electron

densities in the vicinity of nucleus is not caused by the

s orbitals (see the following p orbital section). The

1-component and 2-component s orbital contact densities

(see Tables 4 and 5) do not deviate by more than 1% from

each other when using the UTZ?10s basis set. Furthemore,

the nodal behavior is correctly assessed also for the scalar

s orbitals, i.e. the PCE corrected 1c IOTC/DKH2 orbital

densities are nodeless (not shown), while the PCE con-

taminated scalar IOTC/DKH2 orbital densities contain

nodes (not shown), as is the case for the 2-component PCE

contaminated s orbital densities.

The non-relativistic s contact density is underestimated

for the Gaussian charge distribution model of nucleus by

almost a factor of 10 (see Fig. 2a, c). Furthermore, the non-

relativistic density distribution is more diffuse comparing

to the relativistic one, i.e. the relativistic contraction of the

s orbitals is obvious.

3.3 p Orbitals

Although the s orbitals have the largest contribution to the

relativistic effects and PCE in the electron density in the

vicinity of nucleus, the orbitals of the remaining angular

symmetry might not be forgotten (whether scalar p, d, f or

SO-splitted p1/2, p3/2, d3/2, d5/2, f5/2 and f7/2). The higher

angular symmetry orbitals are still involved in chemical

bonding and are of significance by means of direct or

indirect relativistic effects in the total electron density and

by means of SO splitting [1]. In the case of the p orbitals,

the SO-splitted 2c/4c p1/2 and p3/2 orbitals have a different

behavior [3, 4]. In the case of the p orbitals, the radial

distributions of the 2p, 2p1/2 and 2p3/2 orbitals are con-

sidered more closely; the nodal behavior is discussed for

the 3p, 3p1/2 and 3p3/2 orbitals, see Figs. 3, 4 and 5. Fig-

ure 3a, c present the radial distribution of the 2p1/2 orbital

density obtained at the DCH, IOTC, and DKH2 levels of

theory for the point charge and Gaussian charge distribu-

tion models of nucleus, respectively. Figure 3b, d present

the radial distribution of the 2p1/2 orbital density in the

vicinity of nucleus for the point charge and Gaussian

charge distribution model of nucleus, respectively. The

2p3/2 orbitals are presented in Fig. 4a. Figure 4b shows the

nodal behavior of the DCH, IOTC, and NR 3p1/2, 3p3/2 and

3p orbitals. The radial distributions of scalar 2p orbital

densities are, in more detail, presented in Fig. 5. In

Tables 6 and 7 are summarized the values of contact

density of DCH and PCE corrected IOTC/DKH2 p and p1/2

orbitals. The PCE contaminated IOTC and DKH2 p and

p1/2 orbitals as well as the NR one have zero density at

nucleus; thus, these are omitted from Tables 6 and 7.

Table 8 presents the contact densities of the (IOTC, IOTC)

and (DKH2,DKH1) 2p1/2 and 2p orbitals using the point

(a)

(b)

(c)

(d)

Fig. 3 Radial distributions of

the relativistic 2p1/2 and NR

2p orbital densities of radon

atom (UTZ?10s basis set).

a oint charge nucleus. b Detail

for point charge nucleus.

c Gaussian charge model of

nucleus. d Detail for Gaussian

charge model of nucleus
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charge model of nucleus and the UTZ?10sMp basis sets

(where M = 1,. . .,5).

In comparison with s orbitals is the SO splitting the most

significant relativistic feature of the p orbitals, giving rise

to the p1/2 and p3/2 orbitals. Furthermore, the p1/2 orbitals

have a non-zero contact density because of the s character

[1, 3, 4]. Hence, the radial distributions of the electron

density of the 4c and PCE corrected 2c p1/2 orbitals is very

similar to the s orbitals (see Fig. 3a, d), while the p3/2

orbitals have a similar radial distribution like the non-rel-

ativistic p orbitals, see Fig. 4a.

The PCE corrected 2p1/2(IOTC,IOTC) orbital density

agrees well with the DCH 2p1/2 orbital density (numeric as

well as finite basis set) in the case of the Gaussian charge

distribution model of nucleus, see Fig. 3b, d. Although the

basis set artifact is present in the case of the point charge

nucleus model when comparing the numeric DCH and

finite basis set (IOTC, IOTC) 2p1/2 orbital densities (see

Fig. 2a), the contact density of the finite basis set DCH and

(IOTC, IOTC) calculations are deviated by less than 1%

from each other. The quite significant basis set artifact in

the case of the 2p1/2 orbitals is caused by the missing tight

p functions in the UTZ?10s basis set (see Table 8). It is

noteworthy that the UTZ?10s contact density of the

2p1/2(IOTC,IOTC) orbital in the case of the point charge

model of nucleus (see Table 6) is significantly smaller than

for the UTZ basis set (see Table 8).

The PCE corrected 2p1/2(DKH2,DKH2) orbital density

is overestimated at the nucleus in comparison with the PCE

corrected IOTC and/or the DCH 2p1/2 orbitals (see Fig. 3a,

c and Table 6 and 7) in a similar way like is found in the

case of the s orbitals (or total electron density), see Fig. 2a.

Nevertheless, the deviation of the 2p1/2(DKH2,DKH2)

orbital density (UTZ?10s basis set) from the 2p1/2(DCH)

orbital density (Fig. 3a) is in the case of the point charge

nucleus smaller than in the case of the total electron density

(Fig. 1a) or the density of the 2s orbital (Fig. 2a). The

lower order PCE corrected 2p1/2(DKH2,DKH1) orbital

density, independent of the nucleus model, has the maxi-

mum density shifted away from the nucleus and the

2p1/2(DKH2,DKH1) contact density is underestimated in

comparison with the particular finite basis set DCH value

of contact density, see Fig. 3a, c and Tables 6, 7, but it is

not found negative in the case of the UTZ?10s basis set.

Furthermore, the 2p1/2(DKH2,DKH1) and 2p(DKH2,

DKH1) contact densities are becoming larger with the

number of tight p Gaussians of the UTZ?10sMp basis set,

see Table 8. The radial distribution of the 2p1/2(DKH2,

DKH0) orbital density is overestimated compared to the

2p1/2(DCH) density distribution, see Fig. 3a, c, which is

again exactly the same feature as found for the particular

total electron or s orbital densities.

The PCE contaminated 2p1/2(IOTC,NR) and 2p1/2

(DKH2,NR) orbital densities, as already mentioned, are not

overestimated at nucleus, like in the case of the PCE

contaminated IOTC/DKH2 s orbitals, but are actually zero

at the nucleus, see Fig. 3a, c as well as Fig. 5c, d. Although

in Fig. 3b, d it rather seems that the PCE contaminated

2p1/2 electron densities are non-zero at nucleus, the closer

look shows that the PCE contaminated radial distributions

of the quasirelativistic IOTC/DKH2 2p1/2 orbital electron

densities are very steep at the nucleus and contain a local

maximum of electron density close to the nucleus, see

Figs. 3a, c and 5b, d. This local maximum in the PCE

contaminated p1/2 orbital densities is much sharper and

larger in value in the case of the point charge nucleus

model (Fig. 5b) compared to the Gaussian charge model of

nucleus (Fig. 5d). The PCE contaminated 2p1/2 orbital

density distributions start to agree with the PCE corrected

one in the region of the maximum of the NR 2p orbital

density (at approx. 0.01Å), see Fig. 5b, d.

(b)

(a)

Fig. 4 Radial distributions of the 3p3/2 orbitals and the region of the

NR node of the 3porbital of radon atom (UTZ?10s basis set). a 2p3/2

orbitals, point charge nucleus. b 3p1/2, 3p3/2 and 3p orbitals in the

region of the NR node

Theor Chem Acc (2011) 129:181–197 191

123



The scalar PCE corrected 2p(IOTC,IOTC) and

2p(DKH2,DKH2) orbitals (see Fig. 5b, d) have non-zero

density at nucleus; furthermore, they have the character of

both the 2p1/2 (non-zero density at nucleus, see Tables 6 and

7) and the 2p3/2 orbitals (a maximum in the orbital density

distribution like the 2p(NR) orbital), see Fig. 5a, c. The

differences in the radial distributions of the scalar DKH2/

IOTC 2p electron densities in the vicinity of the nucleus are

similar to the particular p1/2 orbital densities, see Figs. 3, 5.

The 2p(DKH2,DKH2) orbital density is the most close to

the 2p(IOTC,IOTC) density (which is taken as reference in

this case). The 2p(DKH2,DKH0) orbital density is

(a)

(b)

(c)

(d)

Fig. 5 Details of the radial distributions of the scalar 2p orbital densities of radon atom (UTZ?10s basis set). a Point charge nucleus. b Detail

for point charge nucleus. c Gaussian model of nucleus. d Detail for Gaussian model of nucleus

Table 6 The relativistic contact densities (finite basis set approach) of p and p1/2 orbitals of radon atom for the point charge nucleus using the

UTZ?10s basis set (density is in a.u., i.e. bohr-3)

Approach 2p1/2 3p1/2 4p1/2 5p1/2 6p1/2

DCH 28,156.1152 7,421.9498 1,923.9734 392.5579 46.2420

2c-(IOTC, IOTC) 28,278.8006 7,453.7408 1,933.2253 394.7706 46.6175

1c-(IOTC, IOTC) 1,603.4756 435.9578 113.5038 22.7062 2.4057

2c-(DKH2,DKH2) 36,595.4382 9,607.6829 2,489.5464 508.1345 59.9400

1c-(DKH2,DKH2) 1,665.8476 453.1137 117.9751 23.6012 2.5006

2c-(DKH2,DKH1) 9,657.7732 2,608.9822 680.5548 139.1332 16.4178

1c-(DKH2,DKH1) 1,457.1684 396.0951 103.1268 20.6305 2.1859

2c-(DKH2,DKH0) 57,607.5096 15,144.8744 3,925.5934 801.3031 94.5236

1c-(DKH2,DKH0) 1,975.6210 538.0939 140.1269 28.0340 2.9703
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overestimated at the nucleus, and the 2p(DKH2,DKH1)

electron density is underestimated in comparison with

the scalar 2p(IOTC,IOTC) orbital density as is the case in the

quasirelativistic 2p1/2 orbital densities. The maximum of

the scalar 2p(DKH2,DKH1) orbital density distribution is

localized on the nucleus. There is no significant difference

found between the PCE contaminated scalar 2p(IOTC,NR)

and 2p(DKH2,NR) orbital densities which are overlapping,

see Fig 5. Similar to the density distribution of the PCE

contaminated 2p1/2(DKH2,NR) and 2p1/2(IOTC,NR) orbi-

tals, the PCE contaminated scalar 2p(DKH2,NR)/

2p(IOTC,NR) orbitals have zero density at nucleus and quite

an ordinary p character. However, Fig. 5c, d show on an

irregularity in the PCE contaminated 2p(DKH2,NR) and

2p(IOTC,NR) orbital density distributions close to the

nucleus with an almost zero slope, see Fig. 5b, d.

In general, the difference between the PCE corrected

quasirelativistic DKH2/IOTC 2-component p1/2 and the

scalar p orbital density distributions has the dominant

contribution to the difference of the PCE corrected 1-

component and 2-component DKH2/IOTC total electron

densities at and close to the nucleus, see Tables 1, 3, 4, 5, 6

and 7 [39]. On the other hand, the PCE contaminated

DKH2/IOTC contact densities of the p1/2 and p orbitals are

zero, hence the PCE contaminated 1- and 2-component

DKH2/IOTC contact densities are much less deviated from

each other, i.e. only the s orbitals contribute to the differ-

ence of the 1- and 2-component PCE contaminated DKH2/

IOTC total electron densities, see Tables 1, 3, 4 and 5.

The p3/2 orbitals (as well as the following higher angular

symmetry orbitals) are less affected by PCE as well as

relativistic effects compared to the s and p1/2 orbitals. The

PCE contaminated 2p3/2(IOTC,NR) and 2p3/2(DKH2,NR)

orbitals are overestimating the electron density in the

vicinity of the nucleus and in the region of the maximum of

the 2p3/2 density distribution comparing to PCE corrected

IOTC, DKH2 or the DCH orbital densities, i.e. 2p3/

2(IOTC,NR) and 2p3/2(DKH2,NR) densities are laying

above the 2p3/2(DCH) and the PCE corrected quasirela-

tivistic 2p3/2(IOTC,IOTC)/2p3/2(DKH2,DKH2) curves, see

Fig. 4a. The radial distributions of the 2p3/2(DKH2,DKH1)

and 2p3/2(DKH2,DKH0) orbital densities yield a consider-

able agreement with the radial distribution of the DCH

2p3/2 orbital density as well. Although it has to be pointed

out that the local maximum of the PCE corrected

p3/2(IOTC,IOTC) [as well as p1/2(IOTC,IOTC)] orbital

density is slightly underestimated[overestimated] com-

pared to the radial distribution of the particular DCH

orbital densities, which is hard to see in Fig. 5c (holds also

for the DKH2 PCE corrected orbital densities). This is

shown and discussed in more detail for the case of the

d and f orbitals (see the particular sections).

Table 7 The relativistic contact density (finite basis set approach) of p and p1/2 orbitals of radon atom for the Gaussian charge distribution

nucleus model, using the UTZ?10s basis set (density is in a.u., i.e. bohr-3)

Approach 2p1/2 3p1/2 4p1/2 5p1/2 6p1/2

DCH 22,383.0987 5,898.0544 1,528.8077 311.9204 36.7407

2c-(IOTC, IOTC) 22,480.6009 5,923.3143 1,536.1585 313.6783 37.0390

1c-(IOTC, IOTC) 1,489.6587 404.9752 105.4349 21.0920 2.2347

2c-(DKH2,DKH2) 27,811.3207 7,300.8451 1,891.7585 386.1173 45.5449

1c-(DKH2,DKH2) 1,531.3011 416.4594 108.4289 21.6913 2.2983

2c-(DKH2,DKH1) 11,062.5732 2,960.8631 770.6884 157.4765 18.5796

1c-(DKH2,DKH1) 1,391.2191 378.1539 98.4534 19.6956 2.0868

2c-(DKH2,DKH0) 42,118.0071 11,063.5012 2,867.1244 585.2135 69.0298

1c-(DKH2,DKH0) 1,744.1964 475.0520 123.7084 24.7493 2.6223

Table 8 The values of the (IOTC, IOTC) and (DKH2,DKH1) contact densities of the 2p1/2 and 2p orbitals (UTZ, UTZ?10sMp basis sets) for

the point charge model of nucleus

2p1/2(IOTC,IOTC) 2p(IOTC,IOTC) 2p1/2(DKH2,DKH1) 2p(DKH2,DKH1)

UTZ 28,279.1 1,603.3 9,657.8334 1,457.1753

UTZ?10s1p 37,672.9 1,769.3142 29,068.8872 1,554.9850

UTZ?10s2p 50,399.9 1,953.9274 34,746.1390 1,653.5727

UTZ?10s3p 67,062.8 2,151.4422 40,320.0280 1,747.5700

UTZ?10s4p 89,567.3 2,372.8685 45,383.1360 1,842.0645

UTZ?10s5p 119,159.0 2,611.0643 48,460.1175 1,930.6996
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Besides the discussed behavior of the electron density

distributions at the nucleus, the nodal behavior of the PCE

corrected and contaminated DKH2/IOTC p1/2, p3/2 and

p orbital densities is worth to be mentioned, see Fig. 4b.

The PCE corrected 3p1/2(IOTC,IOTC) and 3p3/2(IOTC,

IOTC) orbital densities do correctly assess the nodal (i.e.

nodeless) behavior of the SO-splitted p orbital densities in

comparison with the particular DCH orbital densities, see

Fig. 4b. In addition, the 1-component PCE corrected

3p(IOTC,IOTC) orbital (see Fig. 5c) density is nodeless as

well. The 1c and 2c PCE contaminated IOTC p(IOTC,NR)

orbital densities are zero in the nodes, see Fig. 5c. The

DKH2 p orbital densities (not shown) have the same fea-

tures in the nodes as the particular IOTC orbital densities

(not shown), i.e. the PCE corrected DKH2 p orbital den-

sities are nodeless (independent of the order of DKH2 PCE

correction) while the PCE contaminated p(DKH2,NR)

orbitals have nodes.

The non-relativistic 2p orbital is found more diffuse

(radially expanded) than both 2p1/2 as well as 2p3/2 orbital

densities (see Figs. 3, 5), i.e. the maximum of the NR

2p orbital density is lower than the relativistic one and is

shifted outwards from the nucleus comparing to the posi-

tion of the maximum of the relativistic 2p orbital densities.

The presented conclusions and trends of PCE and rela-

tivistic effects are valid also for the remaining p orbitals

(not shown).

3.4 d Orbitals

The NR/IOTC scalar 3d and the IOTC/DCH SO-splitted

3d3/2 and 3d5/2 orbital density distributions are presented in

Fig. 6, where Fig. 6a shows the region between 0 and 0.2

Å, the details of the radial distributions close to the nucleus

are presented in Fig. 6b and the peak (maximum) of the

radial distribution is presented in Fig. 6c. There is no dis-

cernable impact of the nucleus model for the radial dis-

tributions of the 3d orbitals (the point charge nucleus

model has been used in Fig. 6).

The PCE corrected 3d3/2(IOTC,IOTC), 3d5/2(IOT-

C,IOTC) orbital electron densities are overlapping in the

nuclear region with the particular DCH orbital densities

(see Fig. 6b), though in the region of the maximum (see

Fig. 6c) the PCE corrected 3d
3/2

(IOTC,IOTC) density is

overestimated compared to the 3d3/2(DCH) density; nev-

ertheless, the position of the maximum is the same. On the

other hand, the PCE corrected 3d5/2(IOTC,IOTC) density is

slightly underestimated at the maximum in comparison

with 3d5/2(DCH) density, see Fig. 6c. These deviations are

to be assigned to the PCE associated with the neglected

transformation of the 2-electron (electron-electron) Cou-

lomb terms [38, 49].

(a)

(b)

(c)

Fig. 6 DCH, IOTC and NR radial distributions of 3d3/2, 3d5/2 and

3d orbital densities of radon atom (UTZ?10s basis set). a Full view.

b Detail at nucleus. c Maximum density, detail
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The PCE contaminated 3d3/2(IOTC,NR) density is

underestimated with respect to the 3d3/2(DCH) or

3d3/2(IOTC,IOTC) density distribution in the vicinity of the

nucleus (see Fig. 6b). The maximum of the 3d3/2

(IOTC,NR) density is only slightly larger than the maxi-

mum of the 3d3/2(DCH) electron density distribution (see

Fig. 6c), but it is in a closer agreement with the maximum

of the 3d3/2(DCH) orbital density compared to the PCE

corrected 3d3/2(IOTC,IOTC) orbital density. The PCE

contaminated 3d5/2(IOTC,NR) orbital density is overesti-

mated in the vicinity of nucleus (see Fig. 6b) compared to

the 3d5/2(DCH) density as well as at the maximum of

orbital density distribution, see Fig. 6c.

The scalar IOTC 3d orbital density lays between the

particular 3d3/2 and 3d5/2 orbital distributions and can be

taken as an SO (degeneracy weighted) average of the 3d3/2

and 3d5/2 orbitals, see Fig. 6b. The PCE is only discernable

in the vicinity of the nucleus, i.e. the contaminated radial

distribution of the 3d(IOTC,NR) orbital density is under-

estimated in the nuclear region in comparison with the PCE

corrected one, see Fig. 6c.

Furthermore, the PCE corrected IOTC 4d3/2, 4d5/2, 5d3/2

and 5d5/2 (as well as scalar 4d/5d) orbitals are nodeless and

overlap with the particular DCH orbital densities in the

region of the NR node (not shown). The PCE contaminated

4d3/2, 4d5/2, 5d3/2 and 5d5/2 orbitals have zero density at

nodes; the situation is very similar to the presented nodal

behavior of the 2s (see Fig. 2c) and 3p (see Fig. 4b)

orbitals.

Although the DKH2 orbital densities are not shown in

Fig. 6, the conclusions about the PCE in the IOTC orbital

densities are valid also for the DKH2 orbital densities, i.e.

the PCE contaminated DKH2 orbital densities are over-

lapping with the IOTC one, and the differences between

the PCE corrected DKH2 and IOTC densities appear to be

marginal even for the lower order PCE corrected DKH2

d orbitals.

The NR 3d orbital is more diffuse than the relativistic

orbitals (3d, 3d3/2, 3d5/2), and this holds for the 4d,

5d orbitals as well (not shown). The maximum of the NR

4d and 5d orbital densities lay next to the maximum of the

particular d5/2(DCH) orbitals (not shown).

3.5 f Orbitals

The scalar IOTC or NR 4f and the SO-splitted relativistic

4f5/2 and 4f7/2 orbital density distributions are presented in

Fig. 7. The Figures are presenting the same regions as in

the case of the 3d orbitals, i.e. Fig. 7a shows the region

between 0.0 and 0.4Å, the radial distributions close to the

nucleus are presented in Fig. 7b and the maximum of the

radial distribution of the 4f orbital is presented in Fig. 7c.

There is no discernable impact of the nucleus model on the

radial distribution of the 4f orbitals (the point charge

nucleus model has been used in Fig. 7).

Figure 7a, c show that the maximum of NR 4f orbital

density is the largest contrary to the s, p and d orbitals.

(a)

(b)

(c)

Fig. 7 DCH, IOTC, and NR radial distributions of 4f3/2, 4f5/2 and

4f orbital densities of radon atom (UTZ?10s basis set). a Full view.

b Detail at nucleus. c Maximum density, detail

Theor Chem Acc (2011) 129:181–197 195

123



However, in the nuclear region, the relativistic 4f (scalar)

and 4f5/2 electron density distributions are laying above the

non-relativistic 4f orbital, see Fig. 7b.

The PCE corrected 4f5/2(IOTC,IOTC) and 4f7/2(IOTC,

IOTC) orbital densities are copying the particular DCH

orbitals in the vicinity of nucleus, see Fig. 7b. On the

other hand, at the maximum of the radial distribution is

the PCE corrected 4f5/2(IOTC,IOTC) orbital density

slightly overestimated in comparison with the 4f5/2(DCH)

orbital and the density of the PCE corrected 4f7/2(IOT-

C,IOTC) orbital is slightly underestimated at the maxi-

mum comparing to the particular DCH orbital, see Fig. 7b.

These deviations can be also assigned (as in the case of

the p or d orbitals) to the PCE associated with the

neglected transformation of the 2-electron (electron-elec-

tron) Coulomb terms [38, 49].

The PCE contaminated 4f5/2(IOTC,NR) [as well as 4f7/2

(IOTC,NR)] orbital densities are underestimated [overes-

timated] in the vicinity of the nucleus in comparison with

the particular DCH or IOTC orbital densities, see Fig. 7b.

On the other hand, at the maximum of the density dis-

tribution the PCE contaminated 4f5/2(IOTC,NR) and

4f7/2(IOTC,NR) orbitals copy the radial distributions of

the PCE corrected IOTC 4f5/2 and 4f7/2 orbital densities,

see Fig. 7c.

For the 4f scalar IOTC orbitals, the situation is similar

like for the scalar 3d IOTC orbital. The IOTC 4f orbital can

be considered as the SO average of the particular (PCE

corrected or contaminated) IOTC 4f5/2 and 4f7/2 orbital

densities. The PCE in the scalar 4f IOTC orbital is sig-

nificant again only in the vicinity of the nucleus, see

Fig. 7b.

Although the DKH2 4f orbitals are not shown in Fig. 7,

the conclusions about the IOTC orbitals are completely

valid for the DKH2 orbital densities as well (both PCE

corrected and contaminated).

4 Conclusions

The total electron density q(IOTC,IOTC) closely overlaps

with the DCH electron density calculated in the finite basis

set approach; independent of the nucleus model, the same

agreement is found for the particular s and p1/2 orbital

densities. The qualitative extent of PCE in the DKH2/IOTC

total electron densities is found the same for both the point

charge and the finite size nucleus model. The PCE con-

taminated IOTC/DKH2 orbital densities of the s(IOTC,NR)

and s(DKH2,NR) orbitals are grossly overestimated close

to nucleus what leads to the large PCE in the total electron

densities. In the vicinity of the point charge nucleus, the

basis set expansion technique cannot properly cope with

the singular behavior of the numeric q(DCH) total electron

density, what holds for the s and p1/2 orbitals as well.

The PCE corrected (DKH2,DKH2) total electron and

s/2p1/2 orbital densities are overestimated in the vicinity of

nucleus in comparison with the particular DCH or PCE

corrected (IOTC,IOTC) densities. The PCE corrected

(DKH2,DKH0) densities are even more overestimated in

comparison with the particular DCH or (IOTC, IOTC) den-

sities, the (DKH2,DKH1) PCE corrected densities are on the

other hand underestimated. Furthermore, the q(DKH2,

DKH1) contact density and the qs(DKH2,DKH1) contact

orbital density are negative if tight enough s type Gaussians

are included in the basis set for the point charge model of

nucleus. This does not holds for the p1/2(DKH2,DKH1)

orbitals, although the global maximum of the radial distri-

bution of the p1/2(DKH2,DKH1) orbitals is not localized at

the nucleus. The negative value of the (DKH2,DKH1)

electron density is to be regarded as a failure of the DKH1

PCE correction, due to the missing terms of the second order

Douglas-Kroll transformation. Although the behavior of the

higher order odd PCE corrected DKH electron density at

nucleus has not been considered in the presented study, it

might be similarly affected as found for the PCE corrected

(DKH2,DKH1) total electron and s orbital densities.

Moreover, the PCE corrected scalar DKH2 and IOTC

p orbitals have non-zero electron density at nucleus and can

be considered as a SO average of the p1/2 and p3/2 orbitals.

The PCE contaminated DKH2/IOTC p1/2 and p orbitals

have zero electron density at nucleus. The PCE contami-

nated DKH2/IOTC p3/2 orbital densities are overestimated

in the region of the maximum of orbital density and in the

vicinity of the nucleus comparing to the DCH or PCE

corrected DKH2/IOTC p3/2 orbital densities.

PCE in the d and f orbital densities is discernable not

only in the nuclear region (for the PCE contaminated

IOTC/DKH2 densities) but also in the region of the max-

imum of the radial distribution of orbital densities, where

the PCE corrected IOTC/DKH2 orbital densities are devi-

ated from the particular DCH densities due to the PCE

associated with the neglected transformation of the

2-electron Coulomb terms.

Furthermore, the PCE corrected (s, p, d) DKH2/IOTC

electron densities are nodeless, which is in agreement with

the DCH orbital densities (even the scalar PCE corrected

orbitals are nodeless), while the PCE contaminated DKH2/

IOTC orbitals contain nodes.
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130:164114

38. Seino J, Uesugi W, Hada M (2010) J Chem Phys 132:164108
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